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Abstract
The addition of embedded silver (Ag)
nanoparticles in cadmium sulfide/cadmium tel-
luride thin films deposited on ITO (indium tin
oxide) have been investigated in this study. Due
to the addition of silver nanoparticles, incoming
light will be scattered and trapped thus enhancing
absorption and increasing the amount of elec-
tron and hole pairs being created by absorbed
photons. Solar cells with Ag nanoparticles
(NPs) will produce a larger electrical current
compared with a solar cell made with the absence
of metal nanoparticles. The inclusion of metal
nanoparticles and its effect on light scattering and
excitation of surface plasmon resonances within
the active layer of the solar cell was examined.
It was also studied if the light scattering and
excitation of surface plasmon resonances were
dependent on the size and shape of NPs and how
the Ag NPs will affect the overall photovoltaic
conversion efficiency of the thin films. In the
process of creating these cells, CdTe (cadmium
telluride) and CdS (cadmium sulfide) are de-
posited by the method of Pulsed Laser Deposition
(PLD) onto ITO coated glass substrates. Ag
nanoparticles were deposited between the CdS
layer and the CdTe layer by the use of PLD
method with various deposition parameters and
durations to obtain variations in nanoparticle
coverage at the interface. In order to structurally
characterize the silver nanoparticle embedded
thin films, scanning electron microscopy (SEM),
x-ray diffraction ellipsometry, energy dispersive
x-ray spectroscopy (EDX), and atomic force
microscopy (AFM) were used. The photovoltaic
measurements were performed by LabVIEW
assisted Keithley SourceMeter. The photovoltaic
conversion efficiency exhibits a sensitive depen-
dence on the size and the particle density of the
embedded Ag nanoparticles. The variation of the
silver particle size and particle density on the
structure and the electrical performance of the
thin films will be discussed.
1. Introduction
The research and development of cheaper and
more efficient photovoltaic cells to harness the
sun’s energy and convert it to electricity is a ne-
cessity in the nearing future. The addition of metal
nanoparticles to photovoltaic cells creates the pos-
sibility of improving cell efficiency and reducing
production costs. This technology has the poten-
tial to replace or supplement existing power sys-
tems. This will increase independence from other
nations and will lessen the depletion of natural re-
sources. One of the challenges for thin film solar
cells is that they do not absorb as much light as
thicker solar cells made with materials with rel-
atively alike properties. The addition of silver
nanoparticles will combat this loss. Cadmium tel-
luride based solar cells have much lower produc-
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tion costs than the conventional silicon-based so-
lar cells. However, the cadmium telluride based
solar cells still lack the efficiency that silicon-
based solar cells have achieved. Silicon-based so-
lar cells have about a 25% efficiency compared to
the CdTe solar cells which have about a 20% effi-
ciency. The experimental efficiency of CdTe/CdS
solar cells is much less than the theoretical. By
doping the layers with silver there is promising
theoretical evidence that concludes this will in-
crease solar cell efficiency.
The CdS layer is an n-type material which
means that it is slightly more negative due to its
excess electrons. The CdTe layer is a p-type ma-
terial which is slightly more positive due to the
absence of electrons; these are also called holes.
When CdS and CdTe layers are fused together
they form a PN junction. A gradient forms be-
tween both sides of the PN junction and free elec-
trons from the n-type material migrate across and
fill the holes in the p-type material. As a result
of this migration a depletion region forms. An
electric field appears and charge carriers begin to
move in one direction. The space between the PN
junction is called the depletion region because it
is free of most charge carriers but contains posi-
tive and negative ions. The p-type side of the de-
pletion region now consists of negative ions and
the n-type side of the depletion region consists of
positive ions. The process of doping adds an im-
purity to the semiconductive layers for the purpose
of modulating its electrical properties [1]. When
the PN junction is doped a large number of free
electrons and holes are produced causing a reduc-
tion in the width of the depletion region. In this
research Ag will be used as a dopant to increase
the electrical current in CdS/CdTe thin films.
A current method used to increase solar cell
efficiency is by excitation of surface plasmon res-
onances (SPR) in structures consisting of metal
nanoparticles. SPR is the interaction of elec-
tromagnetic radiation (incident light in this case)
with a dielectric-to-metal interface at a nanoscale.
Metal nanoparticles can be integrated into devices
such as solar cells and when excited can serve as
a local source of electromagnetic radiation which
has the potential to improve performance. The
Ag nanoparticle inclusion on CdTe was used to
enhance optical properties, previously it was dis-
covered that the optical properties of Ag/CdTe
composites are dependent on the ratio of both
nanoparticles. The ratio of negatively charged Ag
nanoparticles and positively charged CdTe quan-
tum dots can be manipulated to produce desired
optical properties [2]. A conductor consists of a
regular array of metallic ions surrounded by the
free electron gas. The free electron gas is de-
scribed by a quantum system. It is considered with
good approximation that all the electrons within a
conductor to be a member of the same quantum
system. The potential that they are obeying is that
periodic potential energy established by the metal-
lic ion cores. Since all of the electrons within the
free electron gas is subject to the same quantum
potential then they all essentially move together
and respond to external stimuli as a system. In
this case, since the quantum energy is in a system
of bodies that has momentum and position, it can
be referred to as a quasiparticle. This is a particle
that can be characterized by a collection of inter-
acting particles. Plasmons are quantized and occur
on the surface of the metal. A plasmon is an os-
cillation of the electrons within the free electron
gas. Previously it was stated that the electrons can
be defined as a quasiparticle, therefore, it can be
determined that there is a collective oscillation of
the free electron gas. When the external electro-
magnetic wave (incident light) excites the electron
cloud it creates a distortion in the electron cloud
that makes up the surface plasmon which is de-
picted in Figure 1. If the electron cloud is excited
at a resonant frequency for that particular configu-
ration then the absorption of light and the response
of the particles will be very strong, but if it is not
excited at its resonant frequency then the absorp-
tion of light and the response of the particles will
be minimal.
In 1908, Gustav Mie made the first theoret-
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Figure 1. A surface plasmon is described as a sur-
face charge density wave at a metal surface.
ical attempt to describe the interaction of light
with small metal objects [3]. Mie as able to solve
Maxwell’s equations in the case of a spherical
metal nanoparticle excited by a sinusoidal plane
wave, whose wavelength () in the surrounding di-
electric medium is longer or comparable to the
nanoparticle diameter (D) [4]. Mie discovered that
the nanoparticle shows a strong optical absorp-
tion band and enhancement of electric field in the
vicinity of the nanoparticle surface when D/λ  1
in which (D/λ ) is the diameter-to-excitation wave-
length ratio [4]. An incident electromagnetic wave
induces an oscillation of the conduction electrons
relative to the fixed metallic ions in the metal
nanoparticle. The redistribution of the surface
charges of the nanoparticle creates an oscillating
dipole thus presenting a resonant behavior. This
occurrence is denoted as surface plasmon reso-
nance. Plasmon is the collective oscillation of the
free electron gas. However, when the diameter is
greater than 50 nm (D>50nm) this phenomenon
ceases and scattering begins to be the dominant
process [5].
Silver nanoparticles increase light scattering
in the interfaces. The silver acts as a barrier to
keep the light from immediately leaving the film
(Figure 2). Therefore, the photon can knock more
electrons from their bonds thus, there is a creation
of more electron hole pairs. Light trapping in thin
film devices to increase solar cell efficiency has
been researched before. Recently, it has been pro-
jected that the introduction of metal nanoparticles
has the potential to further increase the short cir-
cuit current of thin film silicon devices. An exper-
iment performed with thin film silicon solar cells
that were grown on glass/TCO (transparent con-
ductive oxide) substrates with back reflectors for
single junction created by sputtering ZnO/Ag lay-
ers (metal nanoparticles) were found to have in-
creased light trapping in the device [6]. It can be
concluded from the results of this research that
careful tailoring of metal nanoparticle size and
shape is essential in optimizing the efficiency of
the solar cell [6].
Figure 2. Light trapping in the active layer of the
solar cell.
Previous research done studied the effect
of Ag NPs deposited on CIGS (copper indium
gallium selenide) solar cells found that metal
nanoparticles of sizes 5-20 nm have been observed
to have extremely large enhancements of electro-
magnetic field in the vicinity of the nanoparticle
surface under resonant conditions, which facili-
tates the transferring of energy to the active layer
of the solar cell leading to the creation of electron-
hole pairs [7]. With this research, it was concluded
that the surface plasmon resonance strongly de-
pends on the shape and size of the metal nanopar-
ticles as well as the characteristics of the medium
surrounding the metal NPs. Controls of these pa-
rameters will be essential in improving the effi-
ciency of the solar cells [7]. The metal nanopar-
ticles are normally much smaller than the wave-
length of the incident light. The small size of the
nanoparticles permits for an efficient plasmon res-
onance since all the conduction electrons of the
metal particle are in phase as was previously dis-
cussed.
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2. Methods
Preparation for this research involved creating
targets for use during the pulse laser deposition
method to create a plume of a specific material.
Cadmium sulfide and cadmium telluride metal ba-
sis powders had to first be separately ground to
a fine powder followed by being pressed with a
hydraulic press under an applied load of 10,000
kg for 30 minutes. Finally, CdS and CdTe targets
with a width of 0.3175 cm and a diameter of 2.540
cm are baked at 350◦F for 1 hour. A premade thin
silver target was acquired from an outside source.
For this research samples were generated
through the use of the Pulse Laser Deposition
(PLD) Method (Figure 4). Four full solar cells
were created for this research, three with varying
deposition times of Ag and one control with no Ag
deposited (Figure 3).
Figure 3. CdS/Ag/CdTe Solar Cell.
Pulsed laser deposition is a technique in which
a high power pulsed laser beam is directed within
a vacuum chamber onto a target. This target con-
sisting of the material in which will be deposited
onto a substrate into a thin layer of such mate-
rial. When the laser beam hits the target a plasma
plume is created and then condenses onto the sub-
strate and the film continues to grow as the depo-
sition progresses. The PLD system at Seton Hall
University [8, 9, 10] was used to grow CdS/CdTe
thin films on ITO coated glass substrates. A KrF
excimer laser with a wavelength of 248 nm was
used in the process and the target to substrate dis-
tance was set to 5 cm in all the depositions.
Figure 4. Pulsed laser deposition method diagram.
Within the PLD chamber cadmium sulfide
(CdS), silver (Ag), and cadmium telluride (CdTe)
targets were sublimated at separate times by a
laser producing a plasma plume which deposited
onto Indium Tin Oxide (ITO) coated glass. ITO
is an effective base for the film due to its trans-
parency and ability to conduct. The PLD had five
parameters that were kept constant for each mate-
rial layer to ensure proper deposition. The PLD
conditions for the full solar cells are shown below
in Figure 5.
Figure 5. PLD Deposition Parameters.
PLD method was used because it gives the
flexibility to create different structures due to all
of the parameters that can be varied such as tem-
perature, pressure, laser frequency, laser energy,
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and time of deposition. Three samples were de-
posited without the CdTe layer. This ensured that
the silver nanoparticles could be observed using
the SEM, EDX, and AFM in order to analyze the
size of the silver particles and the distribution over
the surface of the film. Three additional sam-
ples were deposited with CdS/Ag/CdTe to test for
the efficiency of the samples (Figure 2). Another
sample used as the control group was deposited
with the absence of silver nanoparticles to confirm
that there was, in fact, an increase in efficiency.
After the deposition of these three samples, cad-
mium chloride (CdCl2) was deposited onto the
CdTe layer using evaporation followed by an am-
monium sulfide immersion and DI water rinse to
increase solar cell performance [11]. After this
process was finished the solar cell with CdCl2
treatment was baked at 400◦C for 10 min. in a
eurotherm.
After exposing the solar cell samples to cad-
mium chloride vapors there is a performance
gain. After post-annealing there are significant
impacts seen in the microstructure, crystallinity,
and charge carrier doping. In previous experi-
ments, it has been seen that CdCl2 promotes re-
crystallization in the CdTe layer of the film. This
treatment has been seen to enhance solar cell ef-
ficiency up to 5% [12]. Finally, gold contacts
were deposited by the use of an Edwards Ther-
mal Evaporator after the CdCl2 treatment to allow
for a place to add silver wires for testing purposes.
The silver wires were attached to the Gold con-
tacts using Flash-dry silver conductive paint (SPI
Supplies).
Following the production of each solar cell,
tests were applied to analyze thickness, topogra-
phy, composition, and efficiency. These tests were
performed with the use of a scanning electron mi-
croscope, ellipsometer, atomic force microscopy,
energy dispersive x-ray spectroscopy, and a Keith-
ley SourceMeter.
3. Results and Analysis
By comparing to a calibrated model, Ellip-
sometry measures a variation of polarization to
find a thickness or refractive index. By using an
ellipsometer the data for the thickness of each thin
film was collected. This data was important to
ensure that each sample was deposited homoge-
neously. If it was not deposited evenly then this
would cause efficiency issues. Sample thicknesses
for the CdS layer were aimed at 200 nm, and thick-
nesses for the CdTe layer were aimed at 1200 nm.
Thickness for the silver layer is negligible due to
the fact that it was not a homogenous layer of sil-
ver, but rather nanoparticles that scatter the inter-
layer with variable separation distances. From the
table (Figure 6) it is shown that the depositions
were successful in depositing the layers uniformly.
Figure 6. Ellipsometry measurements for all six
samples.
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SEM Analysis
A scanning electron microscope (SEM) shoots
a beam of electrons onto the desired sample within
a vacuum environment. The electrons interact
with the sample causing secondary electrons to
be ejected from the sample and detected thus pro-
ducing an image. Images provide critical infor-
mation in terms of analyzing the surface’s com-
position and topography. SEM images of three
samples with only CdS/Ag layers were taken at
20000x magnification with a XL30 SEM (Figures
7,8,9). Results indicate as silver is deposited for
longer periods of time the density of silver parti-
cles increases and the diameter of these particles
decreases (Figure 10).
Figure 7. Film with 30 seconds of Ag deposited.
AFM analysis
Atomic force microscopy (AFM) is a prob-
ing instrument which measures surface force as it
probes by using a cantilever. As it probes over
a small area of the sample a topographical image
is acquired. Root mean square (RMS) values and
images for each sample were obtained by using
Gwyiddion software. From the RMS values, it
can be concluded that the surface roughness of the
films increases with longer Ag deposition times.
Figure 8. Film with 60 seconds of Ag deposited.
Figure 9. Film with 90 seconds of Ag deposited.
Figure 10. Density and diameter of silver nanopar-
ticles.
EDX Analysis
Energy-dispersive x-ray spectroscopy (EDX)
is used to analyze a samples chemical compo-
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Figure 11. Film with 30 seconds of Ag deposited.
Figure 12. Film with 60 seconds of Ag deposited.
Figure 13. Film with 90 seconds of Ag deposited.
sition and relative proportions of those particu-
lar elements. To stimulate the emission of char-
acteristic x-rays from a specimen, a high-energy
beam or electrons is focused on the sample, x-
rays are released from the sample and measured
by an energy-dispersive spectrometer [13]. A Jeol
6400 field emission SEM with EDX attachment
was used for this research. An EDX was used to
verify that the nanoparticles found with the SEM
analysis are silver and not inconsistencies in the
CdS layer because high energy ions in the PLD
deposition process may damage the surface of the
thin film [7]. Figure 14 is an image of a single
Ag NP on the 60 sec. thin film. The spectroscopy
confirmed the presence of Ag NP scattered across
the surface of all samples (Figure 15). When EDX
was taken of parts of the sample with no apparent
Ag NPs only CdS was found with minute to no
percent by mass of Ag which was the desired re-
sult.
Figure 14. EDX image of Ag NP on 60 sec CdS/Ag
film.
Figure 15. EDX Spectroscopy.
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Figure 16. Pie chart of percent by mass of each
element discovered from EDX.
Efficiency Tests
A Keithley SourceMeter tests a solar cells per-
formance by applying voltage over the solar cell
and measuring the current output of the cell. A
light to simulate sunlight is preferred when tak-
ing measurements. To simulate sunlight a SoLux
halogen light with full solar visible spectrum was
used at a light power density of 100 mW/cm2 at
room temperature. Data was collected for the fol-
lowing four samples which differed in 30, 60, and
90 seconds of time silver was deposited along with
a control that had no silver. Once this data is col-
lected a current versus applied voltage is plotted
and a fill factor can be calculated. The fill fac-
tor is one constraint that can be found from the
I-V curve. The fill factor is the ratio of maximum
power to the product of short circuit current and
open circuit voltage. In order to determine the per-
formance of the solar cell, the power conversion
efficiency is calculated. The efficiency is the ratio
of the output power (electricity from the solar cell)
to the input power (incoming photons from sun-
light). The equation for efficiency is as follows:
Pin/Pout [11]. To find the total efficiency of the cell
the fill factor multiplied by the open circuit voltage
and the short circuit current divided by the power
of the simulated light. The efficiency is the com-
parison between the amounts of electricity gener-
ated by the solar cell to the amount of energy from
the light. With the use of a Keithley SourceMe-
ter electrical tests were performed to determine if
the addition of silver nanoparticles would increase
efficiency. Data was collected for the three sam-
ples: 30, 60, and 90 seconds of silver deposited
at solar simulator light. As the amount of silver
deposited to the films increased the fill factor in-
creased along with the efficiency of the solar cell.
Results are graphed below in Figure 17 for current
vs. voltage.
Figure 17. Current vs Voltage graph.
From this graph, it can be concluded that with
an increased deposition time of silver there was
an increase of efficiency of about a magnitude of
one (see Figure 18). The efficiencies seen here are
much lower than an average solar cell and this is
due to the fact that the thickness of the CdS and
CdTe layers are not optimized. For an optimized
solar cell CdTe should be at 4 micrometers and
CdS should be at 600 nanometers.
Figure 18. Efficiency results.
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4. Conclusion
Thin semiconductor films have the ability to
become more efficient in converting solar energy
into electricity. This thin film research included
using pulse laser deposition method in order to
produce cadmium telluride/cadmium sulfide so-
lar cells with the addition of silver nanoparticles
in between these layers. Through this research,
the scanning electron microscope revealed that the
density of silver nanoparticles increased with in-
creased deposition time while the diameter of sil-
ver nanoparticles decreased. In order to verify that
the SEM images had silver nanoparticles depicted
in them and not an inconsistency with the thin film
such as a dust particle, EDX was used. EDX con-
firmed the presence of silver nanoparticles. The
EDX also confirmed that the silver was not de-
posited as a homogeneous thin film but a multi-
tude of nanoparticles with similar sizes and dis-
tributions. It was found that with the increased
amount of silver nanoparticles there was an in-
crease of surface roughness. This was found by
using atomic force microscopy. Most importantly
a dramatic increase in photovoltaic conversion ef-
ficiency was observed with films produced with
a greater density and a decreased diameter of sil-
ver nanoparticles. Metal nanoparticles can be in-
tegrated into devices such as solar cells and when
excited can serve as a local source of electromag-
netic radiation which has the potential to improve
performance. Through this research, the scanning
electron microscope revealed that the density of
silver nanoparticles increased with increased de-
position time while the diameter of silver nanopar-
ticles decreased. Most importantly a dramatic in-
crease in photovoltaic conversion efficiency was
observed with films produced with a greater den-
sity and a decreased diameter of silver nanopar-
ticles. In addition, further research can involve
determining the optimum thickness for CdS and
CdTe layers in these Ag nanoparticle embedded
solar cells.
Also, x-ray diffraction will be used to struc-
turally and electrically characterize the silver
nanoparticles added efficiency to the cells. Fur-
thermore, research will be expanded by using the
SEM to use EDX to provide cross sectional map-
pings of the samples and provide more qualitative
information about the samples’ elemental compo-
sition. Presently, research is being continued by
creating more samples with increased deposition
times such as 120 sec and 150 sec of Ag. The
continuation of research is critical in defining the
Ag deposition time that will optimize the size and
distribution of the Ag nanoparticles to produce the
greatest electrical output. This research defended
the initial hypotheses that the addition of metal
nanoparticles would scatter light within the CdTe
and CdS layers which allows for less energy to be
lost by the creation of more electron hole pairs.
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